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Abstract
Cinara (Cupressobium) cupressi, the cypress aphid, is a serious pest of Cupressus spp. and other Cupressaceae, considered 
to be one of the world’s 100 worst invasive alien species. The potential influence of selected biogenic amines (tryptamine, 
tyramine, putrescine, and cadaverine) on development and demographic parameters of a temperate population of the cypress 
aphid was investigated under laboratory conditions. Within parthenogenetic generations, the use of biogenic amines resulted 
in a significant reduction in the total fecundity and the average daily fecundity both in the fundatrix (F0) and the fun‑
datrigeniae (F1), whereas this influence in the F5 generation was insignificant. In all parthenogenetic generations treated 
with amines, the dissected female abdomen contained a greater number of mature embryos compared to control samples. 
Cadaverine caused marked changes in the body length of all viviparous generations studied and a significant reduction in the 
number of developing embryos, compared to the control sample. The use of biogenic amines did not significantly affect the 
number of eggs produced by oviparous females but had an impact on their lifespan. Our results indicate that biogenic amines 
application may disrupt feeding behavior and thus leads to reduced fecundity, consistent with the observation of reduced 
embryo production. Consequently, bioamines can be used as an alternative agents to control this important pest species.
Keywords Cadaverine · Cypress aphid · Fecundity · Pest management · Polyamines · Reproduction
Introduction
Cinara (Cupressobium) cupressi (Buckton, 1881) (Hemip‑
tera, Aphididae), the cypress aphid, is a serious pest of 
Cupressus spp. and other Cupressaceae (Austrocedrus, 
Callitris, Chamaecyparis, Fitzroya, Juniperus, Thuja, Wid-
dringtonia, the hybrid Cupressocyparis), presently world‑
wide distributed (Blackman and Eastop 2020). It is the only 
aphid species included in the list of the world’s 100 worst 
invasive species (Lowe et al. 2000), seriously damaging 
commercial and ornamental plantings of coniferous trees 
around the globe, able to feed on native or endemic conifers 
(Ciesla 1991; Montalva et al. 2010; Alford 2012; Demeke 
2018). The species is also easily transported on planting 
stock on imported plant material (Remaudière and Binazzi 
2003).
Currently, it is accepted that C. (C.) cupressi is a com‑
plex of several morphologically similar species. The CABI 
Invasive Species Compendium (2020) includes them all 
under C. (C.) cupressi “sensu lato” (in the broadest sense). 
According to Remaudière and Binazzi (2003), Blackman 
and Eastop (2020), and Favret (2020), its African population 
distinguished as C. cupressivora Watson and Voegtlin 1999 
is a synonym of C. (C.) cupressi.
In temperate climates it is a monoecious, holocyclic spe‑
cies with the life cycle consisting of nine to twelve parthe‑
nogenetic generations (Mustafa 1987; Ciesla 1991; Binazzi 
1978) followed by the sexual generation (Durak et al. 2007; 
Durak and Durak 2015). In warmer climates, the species 
reproduce asexually by parthenogenesis all year round 
(Kairo and Murphy 1999). The aphids feed on the bark of 
small twigs and branches in the inner and lower parts of the 
main canopy. The parthenogenetic generations are usually 
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numerous and dense colonies, with up to 60–80 aphids per 
10 cm of branch which develop in shady locations in the 
lower parts of the canopy (Ciesla 1991; Durak et al. 2007). 
Generally, the overall effect on the host plants ranges from 
partial damage to eventual death of the entire tree, especially 
in the warmer regions of the world. The species is also a 
vector of Cyprus canker (caused by the fungi Seiridium car-
dinale and Lepteutypa cupressi), which has devastated some 
cypress trees populations. Moreover, feeding aphids produce 
large amounts of honeydew, which promotes the growth of 
sooty mold, negatively affecting plant growth (Dransfield 
and Brightwell 2020).
In temperate climates, during spring the cypress aphid 
sucks the sap from twigs, causing yellowing to browning of 
the foliage on the affected twig. Later, initial heavy infes‑
tation of small twigs and branches in the inner and lower 
canopy, during heat and drought, causes progressive die‑
back from the outer edges of the canopy, with the foliage 
turning reddish‑brown. By late summer many of these are 
brown and dead. As the branch tips die, the aphids move 
inwards, continuing to feed on the living tissue. On clipped 
hedges the dieback can be quite pronounced, with the lower 
parts often more severely affected than the top because the 
aphids move down to the ground level, seeking protection 
from the summer heat (RHS 2004; FAO 2009; GISD 2020; 
CABI 2020). Size dynamics of the cypress aphid showed 
two peaks, the first in the middle of May (parthenogenetic 
generation) and the second one at the end of September and 
in the middle of October (sexual generation). Beginning in 
the middle of October oviparous females laid from two to 
seven eggs, which overwinter (Durak et al. 2007).
Various hymenopteran endoparasitoids have been used 
for the biological control of C. (C.) cupressi, but with vary‑
ing levels of success (Mills 1990; Chilima 1995; Day et al. 
2003; Kairo and Murphy 2005; Alleck et al. 2006; González 
et al. 2008; Missanjo and Kamanga‑Thole 2015). Other natu‑
ral enemies such as Coccinellidae or Chrysomelidae showed 
some degree of control, but they were not satisfactory in 
reducing the aphid populations (Montalva et al. 2013). Simi‑
larly, a wide variety of pesticides and various modes of their 
application have been tested against these aphids. In addition 
to selective aphicides, such as Ekatin and Pirimor, organic 
sprays, i.e., natural pyrethrum, fatty acids or plant oils, can 
enable control of these aphids (RHS 2004).
Within natural pest control methods, using biogenic 
amines (BAs) are a promising alternative to chemical con‑
trol. Biogenic amines constitute a group of basic nitrogen 
compounds that are important to cell metabolism and viabil‑
ity (Pereira et al. 2018). They can be naturally synthetized 
by certain plants and play important roles in diverse plant 
growth and developmental processes as well as responses 
to environmental biotic and abiotic stresses (Chen et al. 
2019). It has been shown in previous studies that plants 
develop defensive molecular mechanisms in their response 
to infestation by herbivorous insects, including aphids. 
These responses may be connected in particular with the 
induction of the biosynthesis of polyamines and aromatic 
monoamines, which can limit feeding and survival of her‑
bivorous insects, in particular aphids (Sempruch et al. 2010, 
2011, 2013, 2016). Polyamines (PAs) are small polycationic 
molecules bearing amino groups, synthesized mostly from 
amino acids with the participation of amino acid decarboxy‑
lases. Diamine putrescine (Put), triamine spermidine (Spd), 
and tetraamine spermine (Spm) are the most common PAs 
found in higher organisms. The diamine cadaverine (Cad) is 
synthesized through the decarboxylation of lysine. Aromatic 
amines include tryptamine (Tryp), formed from the decar‑
boxylation of tryptophan by L‑aromatic amino acid decar‑
boxylase, and tyramine (Tyr), formed by decarboxylation of 
tyrosine (Hennion et al. 2016).
Knowledge of the aphid reproductive strategy and the 
possibility of its regulation using natural plant biomol‑
ecules is the basis for developing effective ways to prevent 
and combat these pests and the diseases that are transmitted 
by viruses. Thus, in the present study, the effects of com‑
mon plant BAs on the cypress aphid were studied under 
controlled conditions. For our research, we used a holocyclic 
population found in Poland, which was a good reason to 
study the effect of selected amines on parthenogenetic and 
sexual generations, representing the full life cycle of this 
species. In particular, using such compounds as tyramine 
(aromatic monoamine), tryptamine (heterocyclic diamine), 
putrescine and cadaverine (aliphatic diamines), the influence 
of these BAs on development and demographic parameters 
of the population of the cypress aphid was tested, identify‑
ing alternative agents to control this important pest species.
Material and methods
Plants, aphids, and chemicals
Two‑year‑old seedlings of juniper Juniperus scopulorum 
plants were used in the experiments. The plants were grown 
in plastic pots (8.0 × 9.5 cm) with universal horticultural soil 
and watered regularly. Before establishing the experiment, 
seedlings were grown in a breeding room for two weeks at 
20 °C and watered regularly.
We used different generations of Cinara (Cupressobium) 
cupressi (Buckton)—viviparous: fundatrix (stem mother, 
F0), fundatrigenia (F1—parthenogenetic spring generation), 
F5 (parthenogenetic summer generation), and oviparous 
female (sexual generation) (Fig. 1a–d). Parthenogenetic and 
sexual populations that were used in the experiments came 
from cultures grown at the University of Rzeszów, Poland. 
Aphids were reared on J. scopulorum under controlled 
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conditions in a climatic chamber (MLR‑351H; Sanyo Corp., 
Japan). During all experiments, we maintained the same 
conditions of temperature 20 °C, humidity 60% ± 5%, nutri‑
ents and light sources L:D = 16:8, for plants which were used 
in the experiments carried out in a culture room (breeding 
room).
Individual amines (cadaverine, putrescine, tryptamine, 
and tyramine) were purchased from Sigma‑Aldrich, (EC 
No. C8561, P5780, 200‑510‑05 and T2879, respectively).
Effect of amines on development and demographic 
parameters of the parthenogenetic generation F1 
of C. (C.) cupressi
The adult apterous females of the spring generation (F1) 
of C. (C.) cupressi were placed individually on J. scopu-
lorum and sprayed with 10  cm3 of 10 mM aqueous solu‑
tions of cadaverine, putrescine, tryptamine, and tyramine or 
redistilled water (control) (n = 25 for each amine and con‑
trol). The seedlings were next dried at room temperature 
for 30 min. After 24 h, one nymph remained on each single 
plant, and the other offspring and adults were removed. The 
experiment was run in 15 independent replicates for each 
treatment. The aphid pre‑reproductive period (time from 
birth until maturity in days) and daily fecundity were esti‑
mated (Leszczyński et al. 1989). The intrinsic rate of natural 
increase (rm) and mean time of generation development (T) 
were calculated using the following equations after Wyatt 
and White (1977):
where d is the length of pre‑reproductive period, Md the 
number of larvae born during the reproduction period, which 
equals the d period, 0.738 the correction constant.
Effect of amines on the total fecundity and average 
daily fecundity of parthenogenetic generations F0, 
F1, and F5 of C. (C.) cupressi
The adult apterous females of C. (C.) cupressi, represent‑
ing various parthenogenetic generations—fundatrix (F0), 
spring generation (F1), and summer generation (F5) were 
placed on J. scopulorum plants. The aphids were placed 
separately, five individuals per plant (n = 25 for each gen‑
eration and for each amine). The plants with the aphids 
were sprayed with 10  cm3 of 10 mM aqueous solutions of 
amines: cadaverine, putrescine, tryptamine, and tyramine 
or redistilled water (control). We monitored the number 
of larvae each day and removed the newborn. The experi‑
ment continued for 8 days. Based on the observations 









Fig. 1  Viviparous and oviparous 
generations of C. (C.) cupressi a 
fundatrix (F0); b fundatrigenia 
(F1); c summer viviparous 
females (F5); d wingless ovipa‑
rous females and winged male
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Effect of amines on the number and size of embryos 
developed in the parthenogenetic generations F0, 
F1, and F5 of C. (C.) cupressi
After the end of each experiment, females from each genera‑
tion tested were collected directly from their host plants and 
placed into Eppendorf tubes containing 2.5% glutaraldehyde 
for further morphological investigations. All embryos were 
dissected from whole insects (n = 5 for each generation and 
for each amine), treated with tris‑buffered saline and stored 
in glycerol, examined using a Nikon SMZ 25 stereoscopic 
microscope, photographed using a Nikon DS‑Fi2 camera and 
measured with NIS‑Elements D 4.50.00 64‑Bit. The length 
of embryos and the length of the largest mature embryo were 
measured for each dissected female. The total number of 
embryos and the ratio of the number of mature to immature 
embryos were recorded. Embryos were considered as mature 
if the eyes of the embryo were pigmented. In addition, before 
dissection the size of all viviparous females from the control 
aphids and those treated with amines were measured.
Effect of amines on structures of the reproductive 
system and survival of oviparous females of C. (C.) 
cupressi
The adult apterous oviparous females of C. (C.) cupressi 
were placed on J. scopulorum plants. The females were 
sprayed with 10  cm3 of 10 mM aqueous solutions of amines: 
putrescine, cadaverine, tyramine, tryptamine, or with redis‑
tilled water (control) (n = 25 for each amine and control). 
We monitored the survival of aphids each day. After the 
end of each experiment, oviparous females were collected 
directly from their host plants and placed into Eppendorf 
tubes containing 2.5% glutaraldehyde for further morpho‑
logical investigations. The reproductive system was dis‑
sected from whole insects (n = 5 for each amine and con‑
trol), treated with tris‑buffered saline and stored in glycerol, 
examined using a Nikon SMZ 25 stereoscopic microscope, 
photographed using a Nikon DS‑Fi2 camera and its struc‑
tures were measured with NIS‑Elements D 4.50.00 64‑Bit. 
In addition, before dissection, all oviparous females from 
the control and those treated with amines were measured.
Statistical analyses
Data were tested for normality and homogeneity of vari‑
ances. Two‑way analysis of variance (ANOVA), with 
amines and generation as fixed factors, was used to test 
the differences between the total fecundity, daily fecun‑
dity, morphological and developmental characteristics of 
females, and post hoc comparisons using Duncan multiple 
test range. All data are presented as means with standard 
error values (mean ± SE). To compare the survival distri‑
bution curves of populations of aphids after application 
of amines, the log‑rank test  chi2 was applied. Statistical 
analyses were performed using the statistical program Sta‑
tistica (data analysis software system), version 13 (TIBCO 
Software Inc. 2017, http:// stati stica. io.) and PAST (PAle‑
ontological STatistic version 3.25; Hammer et al. 2001).
Results
Effects of amines on development and demographic 
parameters of the parthenogenetic generation F1 
of C. (C.) cupressi
The applied amines caused changes in the development, 
and demographic parameters of the aphid population 
studied. Tyramine shortened the pre‑reproduction period, 
while cadaverine extended this period in comparison to the 
control population (Table 1). Tryptamine and putrescine 
did not affect the length of the pre‑reproduction period. 
The calculated demographic parameters of the aphid pop‑
ulation decreased after using the amines in comparison 
to the control. The intrinsic rate of increase (rm) reached 
a minimum value (0.01) in the population treated with 
tyramine and putrescine, and a maximum in the population 
treated with cadaverine and tryptamine (0.02). The genera‑
tion time (T) was the longest in the population treated with 
tyramine and putrescine (21.43 days, 21.54 days, respec‑
tively), while the shortest was in the population treated 
with tryptamine (12.44 days).
Table 1  Influence of selected 
biogenic amines (10 mM 
concentration) on population 
parameters (arithmetic 
mean ± standard error) of C. 
(C.) cupressi 
Parameters Biogenic amines
Control Tryptamine Tyramine Putrescine Cadaverine
Pre‑reproductive period (days) 12.00 ± 0.0 12.0 ± 0.0 11.0 ± 0.0 12.0 ± 0.0 14.00 ± 0.0
Mean generation time (T) (days) 15.24 12.44 21.43 21.54 20.97
Intrinsic rate of increase (rm) 0.03 0.02 0.01 0.01 0.02
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Effects of amines on total fecundity and average 
daily fecundity of parthenogenetic generations of C. 
(C.) cupressi
The main effect of amines on total fecundity of aphids was 
significant (two‑way ANOVA F(4,105) = 39.85, p < 0.001). 
Moreover, generation had a significant effect on total fecun‑
dity (two‑way ANOVA F(2,105) = 100.79, p < 0.001). There 
was also a significant interaction effect between amines 
and generation on total fecundity (two‑way ANOVA 
F(8,105) = 13.55, p < 0.001) (Supplementary Information 
Table S1). Our research indicated that the use of amines 
resulted in a significant reduction in the total fecundity of 
the fundatrix (F0) and spring (F1) generations (Fig. 2a). The 
decrease in fecundity of females of the summer generation 
(F5) was not statistically significant.
Fundatrices (F0, control) gave birth to an average of 
29.4 larvae per female. After using tryptamine, total female 
fecundity decreased to around 17.2 larvae per female; the use 
of cadaverine had a similar effect. Tyramine and putrescine 
reduced the fecundity of the fundatrices by half (Fig. 2a).
The females of the spring generation of C. (C.) 
cupressi (F1, control) gave birth to an average 20.7 larvae. 
Tryptamine and tyramine reduced female fecundity by half 
(respectively, 10.5 and 10.9 larvae per female). Putrescine 
and cadaverine lowered total fecundity of females to 13.7 
and 16.7 larvae per female, respectively (Fig. 2a).
The females of the summer generation of C. (C.) 
cupressi (F5, control) gave birth to an average of 9.8 lar‑
vae. After using bioamines, any significant statistic dif‑
ferences in the females fecundity have been observed 
(Fig. 2a).
Putrescine and tyramine showed the strongest influence 
on total fecundity of fundatrices (F0) and reduced the num‑
ber of larvae by about 51% and 46%, respectively. On the 
other hand, tryptamine and tyramine, which reduced the 
number of larvae by about 49% and 47%, had the strongest 
impact on the reduction of the total fecundity of F1 females.
Amines had a significant effect on average daily fecundity 
of females (two‑way ANOVA F(4,105) = 37.98, p < 0.001), 
as did generation (two‑way ANOVA F(2,105) = 107.17, 
p < 0.001). We also found a significant interaction effect 
between amines and generation on average daily fecundity 
of females (two‑way ANOVA F(8,105) = 15.35, p < 0.001) 
(Supplementary Information Table S1). We observed a sig‑
nificant reduction in the daily fecundity of fundatrices and 
females of F1 generations, while the reduction in fecundity 
of F5 females was not significant (Fig. 2b).
Fig. 2  Influence of selected 
biogenic amines on total 
fecundity (a) and average daily 
fecundity (b) of C. (C.) cupressi 
generations: fundatrices (F0), 
fundatrigeniae, parthenogenetic 
spring generation (F1), parthe‑
nogenetic summer generation 
(F5) (n = 25 for each generation 
and each amine and control). 
Values marked with different 
letters differ significantly at 
p < 0.05 based on the Duncan 
test
 K. Wieczorek et al.
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Fundatrices (F0, control) daily gave birth to an average 
of 3.6 larvae per female. Putrescine and tyramine reduced 
female daily fecundity by half (respectively, 1.7 and 1.9 
larvae per female), while tryptamine and cadaverine had 
less effect on the daily fecundity (respectively, 2.1 and 2.2 
larvae per female) (Fig. 2b).
The females of the spring generation of C. (C.) cupressi 
(F1, control) daily gave birth to an average of 2.5 larvae. 
Tryptamine and tyramine reduced female daily fecundity 
by half, whereas putrescine and cadaverine lowered daily 
fecundity of females to 1.7 and 2.0 larvae per female, 
respectively (Fig. 2b).
The females of the summer generation of C. (C.) 
cupressi (F5, control) daily gave birth to an average of 
1.2 larvae. After applying biogenic amines, daily female 
fecundity decreased only slightly (Fig. 2b).
After applying putrescine and tyramine daily fecundity 
of fundatrices (F0) and parthenogenetic females of F1 
generation decreased by over 45%.
Effect of amines on number and size of embryos 
developed in the parthenogenetic generations F0, 
F1, F5 of C. (C.) cupressi
The body size, number, and size of embryos of partheno‑
genetic females were dependent on generation and amine 
used (Supplementary Information Table S2). Fundatrices 
(F0) not sprayed with biogenic amines (control) were sig‑
nificantly larger than females of this generation treated with 
amines (Table 2). The stem mothers were the smallest after 
using tryptamine or cadaverine. Tyramine and putrescine 
had a weaker effect on the body size of the fundatrices, but 
still, these females were clearly smaller than the individu‑
als from the control sample (Fig. 3a). The use of biogenic 
amines also affected the number of embryos (Table 2). All 
fundatrices treated with amines developed half as many 
embryos as compared to females from the control sample. 
The developing embryos were similar in size both in controls 
and in females treated with biogenic amines. However, stem 
mothers who were sprayed with amines usually had two to 
four embryos significantly larger than other ones. The lowest 
number of embryos was observed in the fundatrices treated 
with cadaverine (Table 2).
Table 2  Body length (in mm), 
number, and size of embryos 
of viviparous generations (F0–
fundatrices, F1–fundatrigeniae, 
F5–summer viviparous females) 
and body length (in mm), 
number, and size of eggs of 
oviparous generation of C. (C.) 
cupressi (n = 5) not sprayed and 
sprayed with selected biogenic 
amines
Parameters Biogenic amines
Control Tryptamine Tyramine Putrescine Cadaverine
F0
 Body length 3.00–3.87 2.08–2.69 2.48–3.03 2.18–3.01 2.15–2.75
 Total embryo number 27–30 9–13 2–12 11–12 5–7
 Embryo number 12–15/15 5–8/4–5 2–10/0–2 5–6/5–7 3–4/2–3
 Mature/small
 Embryo length 0.81–1.34 0.81–1.42 0.81–1.38 0.89–1.23 0.94–1.10
 Mature/small 0.35–0.51 0.40–0.76 0.36–0.68 0.40–0.47 0.31–0.62
F1
 Body length 2.05–3.20 2.11–2.87 1.98–2.67 1.98–2.48 2.0–2.43
 Total embryo number 12–19 8–15 13–17 12–14 9–14
 Embryo number 3–5/12–14 4–5/4–10 7–8/5–8 6–8/5–7 4–7/5–9
 Mature/small
 Embryo length 1.07–1.28 1.07–1.29 1.1–1.21 0.93–1.24 0.90–1.18
 Mature/small 0.38–0.64 0.45–0.78 0.45–0.73 0.33–0.80 0.28–0.72
F5
 Body length 2.49–3.43 2.05–2.45 2.23–3.18 2.01–2.78 2.11–2.58
 Total embryo number 6–8 3 1–2 1–2 1–6
 Embryo number 2–4/3–5 3/1–2 1–2/0 1–2/0 1/1–5
 Mature/small
 Embryo length 1.18–1.26 1.08–1.40 1.00–1.20 1.12–1.16 1.01–1.40
 Mature/small 0.40–0.56 0.34–0.80 0.58–0.74
Oviparous female
 Body length 2.70–3.31 2.38–2.75 1.87–2.33 2.56–3.12 2.77–3.21
 Number of eggs 6–7 6–7 6–7 6–7 6–7
 Eggs length 1.01–1.13 1.05–1.17 0.53–1.02 0.86–1.17 0.73–1.02
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In the F1 generation, females feeding on plants sprayed 
with biogenic amines were smaller than females from the 
control sample (Table 2). However, the differences in size 
were not as visible as in the F0 generation (Fig. 3b). Simi‑
larly, the total number of embryos in the fundatrigeniae from 
the control sample was slightly higher than in individuals 
treated with amines (the lowest with tryptamine or cadav‑
erine). The ratio of mature to immature embryos in females 
treated with amines was similar, whereas in females from the 
control group of immature embryos, there were two to three 
times more. The smallest mature embryos were in females 
of the F1 generation exposed to cadaverine (Table 2).
In the F5 generation, viviparous females treated with 
biogenic amines were smaller (the smallest treated with 
tryptamine or cadaverine Fig. 3c) with half the number of 
embryos than females from the control. In females treated 
with amines, the abdomen usually contained mature embryos 
of a size comparable to embryos in females from the control 
sample, or slightly larger (the largest in the sample sprayed 
by tryptamine or cadaverine) (Table 2). The mean scores and 
standard error for the experiments integrated into Table 2 
have been presented as the Supplementary Information 
Table S3.
Effect of amines on survival and structures 
of the reproductive system of oviparous females 
of C. (C.) cupressi
All applied amines affected the survival of oviparous females 
and caused a decrease in survival (Fig. 4). We observed 
the shortened longevity of oviparous females treated with 
amines compared to the controls. All females sprayed with 
water (controls) lived up to 8 days (mean 8.00 ± 0.0 days). 
The aphids that were sprayed with tryptamine lived between 
1 and 7 days (mean 4.16 ± 0.41 days), and almost 52% of 
them lived less than 4 days. The females treated with putres‑
cine lived from 1 to 6 days (mean 3.48 ± 0.34 days), and 64% 
Fig. 3  Comparison of the body length of viviparous and oviparous 
generations of C. (C.) cupressi a fundatrices (F0); b fundatrigeniae 
(F1); c summer viviparous females (F5); d oviparous females not 
sprayed and sprayed with selected biogenic amines (C—control; 
TRYP—tryptamine; TYR—tyramine; PUT—putrescine; CAD—
cadaverine)
Fig. 4  Effect of selected 
biogenic amines on oviparous 
females survival of C. (C.) 
cupressi (n = 25 for each amine 
and control). Significant differ‑
ences between all pairs of sur‑
vival curves for putrescine: log‑
rank test  chi2 = 54.98, p < 0.001, 
cadaverine: log‑rank test 
 chi2 = 54.0, p < 0.001, tyramine: 
log‑rank test  chi2 = 50.68, 
p < 0.001, tryptamine: log‑rank 
test  chi2 = 55.0, p < 0.001
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of females lived less than 4 days. Females’ survival ranged 
between 1 and 5 days when females were sprayed with 
tyramine or cadaverine (mean 3.44 ± 0.31 days and mean 
3.00 ± 0.28 days, respectively). If the oviparous females 
were treated with tyramine, almost 64% of aphids lived only 
4 days, while 80% of females lived less than four days after 
using cadaverine. Effects of amines on oviparous females’ 
survival confirmed a significant difference between all pairs 
of survival curves (log‑rank test  chi2, p < 0.001) (Fig. 4).
The reproductive system of the adult oviparous female 
(control) tightly fills the abdomen. It is composed of paired 
ovaries and paired lateral oviducts that join to form a short 
common oviduct. The unpaired spermatheca and paired 
accessory glands are connected to a common oviduct. The 
ovaries are meroistic telotrophic and consist of six to seven 
ovarioles where each ovariole is composed of an inconspic‑
uous terminal filament, a tropharium (trophic chamber), a 
vitellarium housing usually a growing oocyte, and a pedicel 
(ovariole stalk) (Fig. 5a). Apart from small differences in the 
size of developing ovarioles (the smallest in the oviparous 
females feeding on plants sprayed with tyramine or cadav‑
erine), no significant differences in the morphology of the 
reproductive system were observed. However, in oviparous 
females treated with putrescine developing ovarioles were 
disproportionately small compared to other reproductive 
system structures (Fig. 5b). Oviparous females treated with 
biogenic amines were smaller (the smallest treated with 
tryptamine or tyramine) than females from the control group 
(Table 2, Supplementary Information Table S3, Fig. 3d).
Discussion
Aphids are specialized phloem sap feeders and an exam‑
ple of r‑strategists (Bell et al. 2017). Individual viviparous 
female have extremely high growth and developmental rates, 
allowing populations to increase rapidly. The availability of 
food and its quality determines the lifespan and the fecun‑
dity of these insects. However, additional biotic and abiotic 
factors, especially the plant resistance, strongly influence 
demographic parameters of the aphid population (Leather 
et al. 2017).
Generally, our laboratory experiments showed that the 
used selected biogenic amines affect the development and 
demographic parameters of the cypress aphid population 
studied. To demonstrate these effects, we used the spring 
generation F1, which is characterized by the largest number 
of individuals in most aphid species (Dixon and Dharma 
1980; Karley et al. 2004). Survival, development time, and 
fecundity, combined into a single statistic—the intrinsic rate 
of increase (rm)—decreased after using amines compared to 
the control, with the minimum value (0.01) in the population 
treated with tyramine or putrescine. The generation time (T) 
was the longest in the population also treated with tyramine 
or putrescine. Similarly, the use of cadaverine prolonged the 
generation time and significantly extended the pre‑reproduc‑
tion period of the F1 generation (Table 1). Thus, all of these 
biogenic amines negatively affect the multiplication of the 
aphid population colonizing the host plant.
Our research also indicates that the use of biogenic 
amines resulted in a significant reduction in the total fecun‑
dity and the average daily fecundity both in the fundatrix 
(F0) and the fundatrigeniae (F1). The fecundity of the fun‑
datrix (F0) decreased by half after spraying tyramine or 
putrescine, while in the F1 generation it halved after using 
tryptamine or tyramine. The influence of the amines tested 
on the fecundity was insignificant in the F5 generation, with 
the exception of the low impact of tyramine. In addition 
to selected viviparous generations, we also analyzed in our 
research the survival of oviparous females influenced by 
the biogenic amines. All amines used caused a decrease in 
survival of oviparous females—from the lowest impact if 
Fig. 5  Gross morphology of 
the oviparous female repro‑
ductive system of C. (C.) 
cupressi a not sprayed with 
biogenic amines and b sprayed 
with putrescine.ag accessory 
glands; co common oviduct; 
evo early vitellogenic oocyte; s 
spermatheca; t tropharium; vo 
vitellogenic oocyte
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they were treated with tryptamine, where 52% of oviparous 
females lived less than 4 days, to the highest, using cadav‑
erine, where 80% of females lived less than four days in 
comparison with the average lifespan of these morphs being 
eight days.
Former experiments with the use of EPG (electrical 
penetration graphs) indicated that the addition of selected 
biogenic amines (i.e., agmatine, cadaverine, putrescine, 
spermidine, spermine, or tyramine) to the artificial diet of 
the viviparous generation of the bird cherry‑oat aphid (Rho-
palosiphum padi L.) clearly affected its probing behavior. In 
particular, the 10 mM concentration of these amines, espe‑
cially cadaverine, reduced or wholly inhibited aphid inges‑
tion (Sempruch et al. 2016). Similarly, agmatine, cadaverine, 
putrescine, spermidine, or spermine at 0.1% concentration 
also reduced the quantity of assimilated food, body mass, 
and survival of the viviparous generation of the grain aphid 
(Sitobion avenae F.) (Sempruch et al. 2010). The concentra‑
tion of amines was important in the conducted experiments. 
Optimal results were obtained using 10 mM concentration 
of selected polyamines and aromatic amines, which is also 
confirmed by our research. At higher concentrations, these 
compounds may have cytotoxic properties (Sempruch et al. 
2016), whereas lower concentrations did not significantly 
affect the demographic parameters of the aphid species 
tested (Sempruch et al. 2011).
In female insects, one of the body’s responses to peri‑
odic starvation is oocyte resorption (Lim and Lee 1981; 
Soller et al. 1999; Rosenheim et al. 2000; Kotaki 2003). 
In the aphid species, Megoura viciae Buckton (Ward and 
Dixon 1982; Brough and Dixon 1990) or Acyrthosiphon 
pisum Harris (Soldan and Stary 1981) starvation led to 
resorption of the smallest embryos, whereas S. avenae 
tends to invest in the development of larger embryos at 
the expense of reducing the lifespan and future fecun‑
dity (Xu et al. 2019). In our experiments, the selected 
biogenic amines used influenced the number of develop‑
ing embryos, which was especially visible in the F0 gen‑
eration. In all parthenogenetic generations spraying host 
plants with cadaverine led to a significant reduction in the 
number of developing embryos. Moreover, among studied 
amines, cadaverine caused marked changes in the body 
length of viviparous generations F0, F1, and F5, compared 
to the control sample. In all parthenogenetic generations, 
the dissected female abdomen contained a greater number 
of mature embryos compared to control samples. There‑
fore, the biogenic amines used could disrupt the feeding 
behavior of aphids, leading to a short period of starva‑
tion, which influenced the number of embryos and, as a 
consequence, the fecundity of females. Although the use 
of biogenic amines did not significantly affect the number 
of eggs produced by oviparous females, it had an impact 
on their lifespan, in particular cadaverine. This polyamine 
contributes to plant growth and development, cell sign‑
aling, and insect defense (Jancewicz et al. 2016). Next 
to putrescine, spermidine and spermine are considered 
in plants as a candidate of the signal systems which are 
employed in the defense system against stress (Tomar et al. 
2013).
The unique strategy of aphids is to adapt their life cycle 
to the seasonal changes in host plants, i.e., to avoid adverse 
trophic conditions in the middle of summer. Among oth‑
ers, these strategies include a higher fertility rate in the 
spring and autumn that is reduced in the summer (Wiec‑
zorek 2015). The cypress aphid, as a monoecious species, is 
a good example of implementing such a strategy. Therefore, 
combating these aphids should focus on the generation of 
stem mothers (F0) and their offspring (fundatrigeniae, F1). 
Our laboratory tests, dedicated to different generations of 
aphids, have confirmed that especially the first spring gen‑
erations are the most sensitive to selected biogenic amines 
and seem to be the right target for using biopesticides, also 
based on biogenic amines. Similarly, the sexual generation, 
equally sensitive to the effects of selected biogenic amines, 
maybe a convenient target in the fight against these insects. 
This may be especially important in the temperate zone, 
where the overwintering egg is a form of surviving aphids. 
Therefore, in addition to combating spring generations, the 
elimination of the sexual generation may be key in plant 
protection practice. The Royal Horticultural Society (2004) 
recommends spraying biopesticides or chemical pesticides 
in early summer to prevent damage caused by the cypress 
aphid, which is consistent with our results of the influence of 
biogenic amines on its spring generation. Repeat spraying in 
early autumn, targeted at the sexual generation, should have 
a similar effect, further reducing the number of overwinter‑
ing eggs laid. Thus, our results concerning the reproduc‑
tive adaptation of the cypress aphid in response to biogenic 
amines can be used for effective pest management.
Our research has clearly shown that BAs do affect devel‑
opment and demographic parameters of aphids. However, 
the pesticides’ toxicity to various species of insects reveal a 
direct relationship with the environmental temperature range 
(Boina et al. 2009; Glunt et al. 2018; Li et al. 2020). Caution 
must be exercised when drawing conclusions about a chemi‑
cal’s efficacy from laboratory assays performed at only one 
temperature, as phenotypic resistance can vary significantly 
even over a temperature range that could be experienced 
in the field during a single day (Glunt et al. 2018). In the 
cypress aphid, it is especially important as the population of 
this species occurs both in the temperate (our study, where 
the dedicated temperature 20 °C were tested) and warmer 
climate (e.g., African population). Thus, product based on 
amines for commercial use needs further studies, also in 
the context of the effects of temperature on the efficacy of 
amines interventions under various temperature conditions.
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